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POWER  LIMITS  IN  CYLINDRICAL 
GYROMONOTRONS  USING  TE0I»i  MODE 

INTRODUCTION 

^Gyrotron  oscillators  (gyromonotrons)  are  of  great  interest  as  sources  of  high  power  mm-wave 
radiation  for  heating  and  preionization  in  fusion  devices.  tt“3)  The  total  radiation  power  required  for 
reactor  size  devices  has  been  estimated  at  50  -  100  MW  at  150  GHz,  far  beyond  the  present  state 
of  the  art  for  a  single  source.  (5>  Since  the  feasibility  and  cost  of  a  heating  system  may  be  strongly 
dependent  on  the  number  of  devices  required,  it  is  of  interest  to  estimate  the  upper  limit  of  the  output 
power  of  a  single  gyromonotron.  In  this  note  we  present  calculations  for  such  an  estimate.  In  addition, 
we  determine  the  lower  limit  on  output  powers.  The  detailed  calculations  are  limited  to  right  circular 
cavities  supporting  TEonl  modes,  but  some  of  the  results  are  directly  applicable  to  other  geometries. 
All  calculations  are  for  devices  operating  near  the  cyclotron  frequency,  with  a  beam  energy  of  70  keV 
and  negligible  velocity  spread^ 

UPPER  LIMITS  ON  THE  OUTPUT  POWER 

1.  Optimum  RF  Field  Amplitudes  and  Upper  Power  Limits  Due  to  a  Lower  Limit  to  fit 

As  has  been  shown  in  a  previous  paper, (6>  the  electronic  efficiency  of  a  gyromonotron  is  a  func¬ 
tion  of  the  RF  field  local  to  the  beam;  thus  the  electronic  efficiency  (i.e.,  the  basic  interaction 
efficiency)  is  independent  of  the  radial  mode  number  n.  For  a  given  length  of  the  cavity  there  will  be  a 
fixed  RF  field  strength  (at  the  beam  location)  for  optimum  efficiency,  which  we  determine  below. 
Once  this  field  magnitude  is  known,  and  the  cavity  and  beam  properties  given,  the  resulting  output 
power  can  be  predicted. 
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We  start  with  the  definition  of  Q : 


Q  =  2wf  WF 


(1) 


where  /  is  the  operating  frequency,  WF  the  RF  energy  stored  in  the  cavity,  and  Pw  the  RF  power  cou¬ 
pled  out  of  and  dissipated  into  the  walls  of  the  cavity.  For  a  TE0fll  mode  in  a  right  circular  cavity  of 
length  L  and  radius  a , 


Eg  —  EqJ  \ 


_  n 

sm,T 


COS  wt> 


and 


*,-■§■  dV 


(2) 


(3) 


where  J\  is  a  Bessel  function  of  the  first  kind.  In  principle,  the  upper  limit  for  Pw  will  be  given,  for  a 
fixed  Eg,  by  the  lower  limit  for  Q ,  namely  the  diffraction  Q  given  by  (7) 


(4) 


where  X  is  the  free  space  wavelength.  In  practice,  however,  2  •  QD  is  a  reasonable  lower  limit  to  Q. 
Using  this  value  for  Q,  we  obtain 

Pw~  T?  El.  (5) 

ai,  is  the  n'h  zero  of  7|(x). 


Letting 


Eo- 


f  9b 


(6) 


where  9b  is  the  electric  field  at  the  beam  location,  normalized  to  the  frequency,  and  b  is  the  average 
beam  radius,  we  obtain 

o*  X  a1  Jtt*  u> 


/»  - 


16 


(7) 


Gyromonotron  cavities  are  operated  close  to  cut-off.  Then: 


JL  — 

X  2ir  ‘ 


(8) 
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Substituting,  we  obtain 


«oC3  ,  K  JH<* I.) 


P'-  647af»T 


9} 


/?(«.-  “) 
a 


(9) 


is  a  function  of  only  L/k,  since  it  is  normalized  to  the  frequency.  From  computer  calcula¬ 
tions/6’  the  values  of  9b  which  yield  the  optimum  efficiency,  for  a  given  length  were  found.  These 
values  are  given  in  Fig.  1.  The  results  of  calculations  for  two  values  of  a,  the  ratio  of  the  perpendicular 
to  parallel  beam  velocities,  with  and  without  magnetic  tapering,  are  included  in  the  figure.  The 
efficiencies  achievable  for  the  various  parameters  are  given  in  Fig  2,  reproduced  from  Reference  (6). 


Using  Eq.  (9)  and  Fig.  1,  the  power  obtainable  at  maximum  efficiency  is  calculated  and  shown  in 
Figs.  3a,  b,  c,  and  d. 


These  calculations  assume  that  the  beam  is  located  at  the  peak  of  the  first  maximum  of  £«.  From 
Eq.  (9),  and  Table  1,  it  can  be  seen  that  higher  powers  can  be  obtained  by  operating  with  the  beam  on 
a  higher  order  peak,  and/or  off  of  local  maximum.  Calculations  show  that,  in  the  absence  of  mode 

competition,  the  efficiency  remains  essentially  unchanged  for  (£*)(*,«,  >  y  (£#)pe,k,  where  (£#)  is 

the  local  maximum.  Thus,  enhancement  of  the  output  power  by  a  factor  of  4  is  possible  by  operating 
with  the  beam  off  a  local  maximum  and,  additionally,  by  the  factors  given  in  Table  1,  by  placing  the 
beam  near  the  higher  order  peaks.  As  an  example,  approximately  500  kW  could  be  generated  using  the 
TEqji  mode,  with  the  beam  on  the  4th  peak,  and  2  MW  would  be  possible  by  offsetting  the  beam  to  the 

limit  of  E„  —  y  (£*)pc«k*  We  note  that  these  calculations  assume  that  only  the  mode  of  interest  would 

be  excited.  If  other  modes  (such  as  whispering  gallery  modes) <s>  have  absolute  maxima  at  the  beam 
position,  these  modes  may  then  be  more  readily  excited,  and  degrade  or  totally  eliminate  the  efficiency 
of  the  TE„„|  mode  of  interest. 
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2.  Power  Limits  Due  to  Ohmic  Losses 


Ohmic  losses  in  the  cavity  walls  will  cause  reduced  efficiencies  and,  at  high  average  power,  heating 
problems.  We  therefore  calculate  these  losses,  and  determine  an  associated  upper  limit  to  the  output 
power. 

Using  Eq.  (1),  the  power  lost  in  a  cavity  can  be  expressed  as 

Pn~o7  Pw‘  (10) 

where  Or  is  the  total  (’loaded")  Q,  and  On  is  the  Q  due  to  ohmic  losses  in  the  cavity.  Pw  is  the  total 
power  produced  in  the  cavity.  Or  is  given  by 

Or  -  (On1  +  Oo'1)'1 

where  Qo  is  produced  by  the  useful  power  coupled  out  of  the  cavity.  For  small  losses,  Qt  ~  Oo-  On 
for  TE0(,|,  modes  is  given  by  (l0) 

<? ■•^ffA£rn  <>» 

2R  ,2/2  I  2*  « 

a'«L 

R  is  the  surface  resistivity.  Equation  (11)  is  easily  rearranged  to 


_  2 ff/Mfl  otu  +  irV2/I2 


2  .  2nai 
“1  n  +  -TT^ 


For  gyrotron  cavities  a  fm»  n1a2/L2.  Then 

0na  ^  (13) 

Inserting  values  for  n  -  mo  -  4irl0"7///m  and  the  surface  resistance  of  copper,  we  find 

(?na15.2  fin<*  (MKS  units)  (14) 

As  before,  we  can  express  the  wall  radius  a  in  terms  of  X  and  the  zero  of  the  Bessel  function  J\.  Then 

I  .  11/J  V 

«»  *  ls2|f|  3T 

or  On  a  4.19-104  X1/2«ls.  (15) 
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Using  as  before,  the  lower  limit  of  Q0  ”  2  QD  we  find 

P n  __  _C?o_  6.0- 10~4  I2 

~  On  "  «u  X5/2 

or  Pa  3.46  •  10~g  L2 

.  «i„  A2  ' 

If  the  assumption  that  Qo  «  Qn  is  not  valid,  the  expression  of  interest  is 


Isl  9sl  ,  +  On 

P*  <?r  “  I  Qo\ 

The  values  of  Pq/Pw  from  Eq.  (16)  as  a  function  of  L/X  for  several  modes  at  /  — 
in  Fig.  4. 


(16) 


(17) 

100  GHz  are  given 


For  cavity  wall  heating,  the  average  power  loss  per  unit  area  is  of  interest.  This  is  given  by 


gna 

A  2iraL 


3.46-1Q-*  1/2  Ll 

«».  7  X2 


1  + 


Oo 

On 


-i 


(18) 


The  cavity  surface  area,  A.  can  be  given  by  liraL  since,  for  TE0„i  modes  near  cutoff,  the  losses 
are  primarily  in  the  side  walls  of  the  cavity. 


Equation  (18)  reduces,  with  the  assumption  that  Q0  <  <  Qa,  to 


or 


jjL  _  3.84  •  10-25  mi  L  p 

A  ah  x 

-  4.18  •  10-'3  f2  fti 

A 


b 


(19) 

(20) 


Using  Eq.  (19),  plots  of  the  average  wall  heating  per  unit  area  versus  L/X  for  various  TEm) 
modes  at  /  ™  100  GHz  have  been  produced,  and  are  shown  in  Fip.  5a,  b,  c  and  d.  The  power  densi¬ 
ties  given  here  will  be  clearly  scaled  by  the  same  factors  for  beam  location  as  for  the  tout  cavity  power. 


LOWER  LIMITS  ON  THE  OUTPUT  POWER 

The  lower  limit  on  the  power  of  a  gyromonotron  (assuming,  again,  that  we  operate  at  optimum 
efficiency  for  a  given  length)  is  determined  by  the  tolerable  wall  losses. 
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Using  Eq.  (1),  we  can  write 


Po 


«o c*  L  2 
4(?o  X 


J2  (“!») 


9} 


(21) 


The  upper  bound  for  Q0n  the  output  Qy  is  determined  by  the  severity  of  the  wall  losses  that  can 
be  tolerated.  For,  as  above. 


_  Qt  _  go 
Pw  Oft  Oo  ^  On 
or 


Let 

Then 


Po 


«o  c3  L 

*BQn  X 


«iV 


JiM 


a 


Inserting  Qn  from  equation  (14),  we  find 


(Po) 


O'min 


8.28  •  104 
B 


/'/2«., 


JHa 


J\  (<*lm 

a 


- 

\  * 


(22) 


(23) 


(24) 


We  note  that  (JVmm  >s  essentially  independent  of  the  mode  (for  a  given  beam  placement)  since 
ai^22(aim)  'S  approximately  constant.  The  largest  difference  occurs  between  the  TEoi  and  TE02  modes 
(approximately  4%).  The  power  for  the  TE03  and  higher  modes  can  be  approximated  by  the  TE02 
results. 


B  ■  Po,  for  a  frequency  of  100  GHz,  as  a  function  of  L/X,  is  plotted  in  Fig.  6a  and  b. 


COMPARISON  TO  EXPERIMENT 

Experimental  data  reported  elsewhere11213'  can  be  used  to  check  the  validity  of  the  calculations 
for  the  maximum  power  for  the  TEon  mode.  This  data  is  plotted  in  Fig.  7.  The  actual  powers 
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observed  in  the  experiments  have  been  multiplied  by  the  measured  QL  divided  by  2  QD  since  the  cavi¬ 
ties  used  in  the  experiments  had  values  for  QL  not  necessarily  equal  to  2 QD.  No  magnetic  tapering  was 
used  in  obtaining  these  points.  (Interpretation  of  the  data  with  tapering  is  somewhat  complicated  by 
details  of  the  experiment,  and  is  given  in  Reference  11.)  Within  experimental  error,  the  agreement  of 
experiment  and  theory  for  the  data  given  in  Fig.  8  appears  quite  good. 

COMMENTS 

All  of  the  power  limits  have  been  derived  for  operation  where,  for  a  given  length,  the  efficiency  is 
optimized.  The  fall-off  of  efficiency  with  increasing  RF  electric  field  amplitude  is  fairly  gradual,  and 
some  increase  in  power  can  be  obtained  by  "overdriving"  a  cavity.  An  example  of  efficiency  versus 
beam  power  is  given  in  Fig.  8. 

A  much  more  substantial  increase  in  power  may  be  obtained  by  overdriving  the  cavity  so  that  the 
beam  electrons  go  through  a  complete  trapping  cycle1"’,  so  (hat  they,  on  the  average,  lose,  then  gain, 
then  again  lose  energy  to  the  wave."2’  Initial  theoretical  investigations  indicate  that  a  factor  of  10 
increase  in  the  power  may  be  possible  with  this  method.  This  would  allow  the  use  of  a  long  cavity 
(l/X  =  8)  where  relatively  modest  magnetic  field  gradients  are  required,  to  produce  the  same  power 
(at  equivalent  efficiencies)  as  a  shorter  cavity,  which  would  require  possibly  unrealizable  gradients. 
This  possibility  will  be  the  subject  of  future  studies. 

CONCLUSIONS 

We  have  presented  scaling  factors  useful  in  the  design  of  gyromonotrons.  In  particular,  we  have 
given  an  electric  field  magnitude,  normalized  to  the  frequency,  which  can  be  used  to  determine  the  out¬ 
put  power  for  any  TE0)|1  mode.  This  field  should  be  applicable  to  coaxial,  as  well  as  to  the  open 
cylindrical  geometry. 

For  the  open  cylindrical  cavities,  it  is  clear  that  there  are  definite  bounds  on  gyromonotron  output 
powers.  For  very  high  frequencies,  these  bounds  may  become  severe.  For  example,  at  100  GHz,  it  is 
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impossible  to  find  an  operating  power  for  an  optimum  length  cavity  (—  -  8)  using  the  TEon  mode, 

A 

and  losing  less  than  20%  of  the  power  to  ohmic  losses. 

For  CW  operation  ohmic  losses  will  limit  the  maximum  power.  It  is  clear  from  Figs.  3  and  5  that 
powers  over  1  MW  will  cause  power  dissipation  above  1  kW/cm2  even  when  using  a  relatively  high 
order  mode  of  TE^si-  This  limit  is  valid  even  when  using  the  beam  position  enhancement  factors,  and 
therefore  will  serve  as  an  ultimate  upper  bound.  We  note  that  these  limits  are  optimistic,  since  it  is  in 
practice  difficult  to  realize  the  calculated  ohmic  Q.  A  more  practical  limit  on  the  output  powers  may  be 
obtained  by  doubling  the  ohmic  losses  given  in  Figs.  4  and  5.  Some  advantage  may  be  obtained  by 
reducing  the  ohmic  loses  to  cooling  the  cavity  to  liquid  nitrogen  (or  lower)  temperatures,  but  it  seems 
unrealistic  to  expect  operation  of  a  single  gyromonotron  using  an  open  cylindrical  cavity  at  above  a  few 
MW. 
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Table  1.  Power  Enhancement  Factors  For  Beam  Placements 
On  Higher  Order  Peaks  of  the  Electric  Field 


Peak  #  Enhancement* 
1  1 

2  2.83 

3  4.54 

4  4.24 

5  7.91 


*  Equal  to  — ; - 

JlWp) 


J\  <0t>  is  the  value  of  J},  at  its  first  peak  and  J}  ifip) 


is  the  value  of  J }  for  the  p,h  maximum.  Values  of  from  reference  (9). 
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Fig.  S  (Continued)  —  Ohmic  power  dissipation,  per  unit  area,  as  a  function  of  normalized  cavity  length,  (a)  «  -  1.5,  without  magnetic  taper 
<b)  «  -  1.5  with  magnetic  taper,  (c)  «  »  2.0  without  magnetic  taper,  and  (d)  a  -  2  0  with  magnetic  taper 


Fig.  8  —  A  "typical"  efficiency  versus  beam  current  plot  { V  —  70  kV,  Q  —  400,  L  /  A  **  3.3,  mode  -  Ttojjl. 
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Code:  4740  -  Dr.  J.M.  Baird  (B-K  Dynamics) 
4740  -  Dr.  L.  Barnett  (B-K  Dynamics) 
4740  -  Dr.  D.  Dialetis  (SAI) 

4740  -  A.J.  Dudas  (JAYCOR) 

4740  -  Dr.  R.M.  Gilgenbach  (JAYCOR) 
4740  -  Dr.  K.J.  Kim  (JAYCOR) 

4740  -  Dr.  Y.Y.  Lau  (SAI) 

4740  -  Dr.  J.S.  Silverstein  (HDL) 
4790  -  Dr.  A.J.  Drobot  SAI) 

4790  -  Dr.  C.M.  Hui  (JAYCOR) 

4790  -  Dr.  J.  Vomvoridis  (JAYCOR) 
5704S  -  Dr.  S.  Smith  (LOCUS,  Inc.) 


(3)  Secretary 

Department  of  Energy 
Attn: 

Washington,  D.C.  20545 

(1)  Air  Force  Avionics  Laboratory 

Attn:  W.  Friz 

Wright /Patterson  AFB,  Ohio  45433 

(1)  Bell  Laboratories 

Attn:  Dr.  W.M.  Walsh,  Jr. 

600  fountain  Avenue 

Murray  Hill,  New  Jersey  07971 


Dr.  P.  Stone  (G-234) 
Dr.  M.  Murphy  (G-234) 
Dr.  J.  Willis  (G-234) 


f'Wr.miua 


pAft*  *Lm-Not  i 
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Addressee 


(1)  Columbia  University 

Department  of  Electrical  Engineering 
Attn:  Dr.  S.P.  Schleslnger 
New  York,  New  York  10027 

(1)  Dartmouth  College 

Physics  Department 
Attn:  Dr.  John  Walsh 
Dartmouth,  New  Hampshire  037S5 

(12)  Defense  Technical  Information  Center 
Cameron  Station 
5010  Duke  Street 
Alexandria,  Virginia  2231 A 

(1)  Georgia  Institute  of  Technology 

Engineering  Experimental  Station 
Attn:  Dr.  James  J.  Gallagher 
Atlanta,  Georgia  30332 

(3)  Hughes  Aircraft  Co. 

Attn: 

Electron  Dynamics  Division 
3100  Lomita  Boulevard 
Torrance,  California  90509 

(1)  Los  Alamos  Scientific  Laboratory 

Attn:  Dr.  Paul  Tallerico 
P.0.  Box  1663 

Los  Alamos,  New  Mexico  87545 

(1)  Massachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 
Attn:  Dr.  G.  Bekefl 
Bldg.  36,  Rm.  36-225 
Cambridge,  Massachusetts  02139 

(3)  Massachusetts  Institute  of  Technology 

Plasma  Fusion  Center 
Attn: 

167  Albany  St.,  N.W.  16-200 
Cambridge,  Massachusetts  02139 

(1)  Northrop  Corporation 
Defense  System  Department 
Electronics  Division 
Attn:  G.  Doehler 
175  W.  Oakton  St. 

Des  Plaines,  Illinois  60018 

(2)  Oak  Ridge  National  Laboratories 
Attn: 

P.0.  Box  Y 

Oak  Ridge,  Tennessee  37830 


Dr.  J.J.  Tancredl 
K.  Arnold 
K.  Amboss 


Dr.  R.  Davidson 
Dr.  M.  Porkolab 
Dr.  R.  Temkin 


Dr.  A.  England 
M.  Lorlng 
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(1)  Princeton  University 

Plasma  Physics  Laboratory 
Attn:  Dr.  H.  Hsuan 
Princeton,  New  Jersey  08540 


R.  Edwards 
R.  Handy 


(1)  Science  Applications,  Inc. 

Attn:  Dr.  Alvin  Trivelpiece 
1200  Prospect  St. 

La  Jolla,  California  92037 

(1)  Stanford  University 

SLAC 

Attn:  Dr.  Jean  Lebacqz 
Stanford,  California  94305 

(1)  University  of  Arizona 

Optical  Sciences  Center 
Attn:  Dr.  W.E.  Lamb 
Tucson,  Arizona  85720 

(1)  Varian  Associates 

Bldg.  1 

Attn:  Dr.  H.  Jory 

611  Hansen  Way 

Palo  Alto,  California  94303 

(1)  Yale  University 

Mason  Laboratory 
Attn:  Dr.  J.L.  Hirshfield 
400  Temple  Street 
New  Haven,  Connecticut  06520 

(1)  Kings  College 

University  of  London 
Attn:  Dr.  P.  Lindsay 
London,  United  Kingdom 

(1)  Nagoya  University 

Institute  of  Plasma  Physics 
Attn:  Dr.  H.  Ike garni 
Nagoya,  Japan  464 

(1)  National  Taiwan  University 

Department  of  Physics 
Attn:  Dr.  Yuin-Chi  Hsu 
Taipei,  Taiwan,  China 


Raytheon  Company 

Microwave  Power  Tube  Division 

Attn: 

Willow  St. 

Waltham,  Massachusetts  02154 
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TFR  Group 
DPH  -  PFC 

Attn:  Dr.  A.  Cavallo 
92260  Fontenay-auix  Roses 
France 

Thompson 

C.S.F./DET/TDH 

Attn:  Dr.  G.  Mourier 

2  Rue  Latecoere 

78140  Velizy  Villa  conblay 

France 

UKAEA  Culham  Laboratory 

Attn:  Dr.  A.C.  Riviere 

Abingdon 

Oxfordshire 

United  Kingdom 
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